To elucidate the molecular mechanism of fruitingbody formation in Lentinula edodes, we isolated various developmentally regulated genes. The priB gene, one of them, was found to be most abundantly transcribed in primordia and in the early stages of fruiting-body formation in L. edodes. 1) Mature fruiting bodies also contained this transcript.
1) The deduced PRIB protein (565 amino acid residues) contained two characteristic DNA-binding motifs, namely a Zn(II)2Cys6 zinc-cluster motif 2) and a bZIP motif consisting of the basic amino acid residues and the leucine zipper 3) (see Fig. 1 ). The zinc-cluster motif has been found in Saccharomyces cerevisiae GAL4, 4) Neurospora crassa QA1F, 5) and other yeast and fungal transcription factors. 6) Except for the PRIB protein, no protein with the zinc-cluster motif has been reported previously in basidiomycete fungi. The bZIP motif has been found in DNA-binding proteins such as CREB, 7) Jun, 8) and Fos. 9) The PRIB protein possessed two highly basic amino acid sequences (amino acids 182-186 and 354-362) as possible nuclear localization signals, 10) and a putative phosphorylation sequence (Arg-Arg-Arg-Asp-Ser) that matches perfectly with the consensus phosphorylation sequence (Arg/LysArg/Lys-Xaa (any amino acids)-Ser/Thr) by cAMPdependent protein kinase 11) (see Fig. 1 ). A yeast twohybrid analysis showed that the PRIB fragment containing the bZIP forms a homodimer. 12) To analyze the sequences of PRIB binding, random binding-site selection analysis 13) was done using a pool of random 24 bp oligonucleotides with 13 bp PCR primer sites at each end. The oligonucleotides (50 bp) selected for PRIB binding were cloned into pUC19. A total of 303 cloned DNA fragments were chosen randomly and sequenced. The PRIB binding sites could be grouped into 25 individual sequences, suggesting a consensus sequence of 16 bp, 5 0 -G 20 G 22 G 23 G 24 G 22 G 19 - Fig. 1 . Structural Features of PRIB Protein (565 amino acid residues). Zinc cluster, Zn(II)2Cys6 zinc-cluster DNA-binding motif; bZIP, the motif containing basic amino acid sequence and leucine zipper; PKA, phosphorylation site of cAMP-dependent protein kinase; NLS, putative nuclear localization signal. For more details, refer to text.
The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases under accession no. AB067692.
0 (the numerals on the right of the bases indicate how many bases out of 25 in the cloned binding sites are identical in the consensus sequence).
14) The upstream region of priB contained four 16 bp sequences similar to the consensus sequence of PRIB binding.
12) The L. edodes UMP-CMP kinase gene, uck1, that is located downstream of priB, contained two 16 bp consensus-like sequences in its upstream region. 15) This implies the possibility that the priB and uck1 genes are targets of PRIB protein. To examine whether priB and uck1 are selected as target genes of PRIB and to test the possibility of the presence of another target gene(s) of PRIB, we carried out a genomic binding-site (GBS) cloning experiment 16) on the HindIII-digests of L. edodes DNA by using the Nterminal fragment of PRIB containing the zinc-cluster and bZIP motifs. The three HindIII fragments were selected, each of which bears either priB, uck1, or a new gene that is the homolog of S. cerevisiae YJR070C (V. Manus, M. E. Huang, and F. Galibert, unpublished) encoding the protein interacting with the putative translation initiation factor 5A (eIF5A).
17)

Materials and Methods
Genomic binding-site (GBS) cloning. The GBS cloning experiment was done basically according to the method of Inoue et al. 16) The priB cDNA fragment (nucleotides 1-552) encoding the N-terminal184 amino acid residues of PRIB (named PRIB(1-184) peptide) was inserted into the EcoRI site of the glutathione Stransferase (GST) fusion vector pGEX-5X-1 (Amersham Biosciences). The resulting recombinant plasmid, named pGEX-5X-1-priB(1-552), was introduced into E. coli BL21, and the fusion protein of GST-PRIB(1-184) was purified by a batch method using glutathione-agarose beads (see Fig. 2 ). The chromosomal DNA of L. edodes FMC2 18) was prepared from the vegetatively growing mycelial cells by the method reported previously, 18) and digested with HindIII. The HindIII fragments were incubated with the purified GST-PRIB(1-184) at 20 C for 15 min and the protein-DNA complexes were precipitated by the addition of glutathione-agarose beads. The precipitate was thoroughly washed with PBS (130 mM NaCl, 10 mM NaH 2 PO 4 , pH 7.2) and eluted with an elution buffer (50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione). The solution was extracted with phenol/chloroform/isoamylalcohol (25:24:1) and the DNA fragments were recovered. The selected HindIII fragments were cloned into pUC19 and the resulting plasmids were introduced into E. coli strain DH5. A mixture of the recombinant plasmids propagated in DH5 was subjected to another round of the procedure. After three enrichment cycles in total, the selected HindIII fragments were restriction mapped, followed by subcloning of the restriction fragments into pUC19. The nucleotide sequences were analyzed by the chain-termination method of Sanger et al. 19) Southwestern blotting. This analysis was done by the method of Endo et al. 1) GST-PRIB(1-184) was used as a protein sample. The termini of restriction fragments (probes) were labeled with [-32 P] dCTP and T4 DNA polymerase.
20)
Gel mobility-shift assay. The 0.4 kb HindIII-AccIII restriction fragment (see Fig. 3 ) containing the two 16 bp sequences similar to the consensus sequence of PRIB binding 14) was end-labeled with [-32 P] dCTP and Klenow fragment of DNA polymerase I. 20) About 1 ng of the 32 P-labeled 0.4 kb DNA fragment was incubated with 5 ng of GST-PRIB(1-184) protein (see Fig. 2 ) in 50 l of the binding buffer (25 mM HEPES-KOH (pH 7.9), 50 mM KCl, 5 mM MgCl 2 , 0.1 mM ZnCl 2 , 1 mM EDTA (pH 8.0), 300 g/ml bovine serum albumin, 100 g/ml salmon sperm DNA) at 20 C for 15 min. If necessary, either the non-labeled 0.4 kb DNA fragment or [EcoRI+ScaI]-digested pUC19 was also incubated. The reaction mixtures were electrophoresed in an 8% polyacrylamide gel using 0.5ÂTBE buffer. The gel was dried and then autoradiographed. Construction of L. edodes cDNA library and cloning of the cDNA corresponding to the gene contained in the cloned 5.0 kb HindIII fragment of L. edodes genomic DNA. Total cellular RNA was isolated from the mature fruiting bodies of L. edodes FMC2 by the method of Han et al. 21) Poly(A) þ RNA was obtained with Oligotex-dT30 (Super) (Takara-Bio). A mature fruiting-body cDNA library of L. edodes was constructed by insertion of cDNAs synthesized using the poly(A)
þ RNAs into EcoRI-cut dephosphorylated gt10 vector, followed by infection of E. coli C600hfl with the packaging mixture. 22) This cDNA library was screened by plaque hybridization using the 32 P-labeled 5.0 kb genomic HindIII fragment obtained by GBS cloning under the conditions reported previously. 23) One positive clone containing a DNA insert of 1.1 kb was obtained. The restriction fragments of the 1.1 kb cDNA were subcloned into pUC19 and sequenced.
Northern blotting. L. edodes total cellular RNA was isolated from preprimordial aggregated mycelia, primordia, immature fruiting bodies, and mature fruiting bodies by the method of Han et al.
21) The RNA samples (25 g each) were size-fractionated on 2.2 M formaldehyde-1.2% agarose gels, transferred to a nylon filter in 20 Â SSPE (3 M NaCl, 0.23 M NaH 2 PO 4 , 0.22 M EDTA, pH 7.0), hybridized with the 32 P-labeled probe of either the aforementioned 5.0 kb HindIII fragment or the corresponding 1.1 kb cDNA (mfbCc) under stringent conditions, and autoradiographed according to the method of Hori et al.
23) The probe was removed by putting the Northern blot into boiling 0.1% SDS and allowing this to cool to room temperature. After confirming a perfect removal of the probe by autoradiography, the resulting Northern blot was rehybridized with L. edodes ras cDNA under stringent conditions, and autoradiographed.
In situ RNA-RNA hybridization. Hymenophore (gill tissue) and stipe of mature fruiting bodies of L. edodes were fixed with 4% paraformaldehyde in phosphatebuffered saline (PBS) and cut into 10 m ultrathin longitudinal cryosections according to the procedures described previously. 24) RNA probes were prepared by in vitro transcription with digoxigenine-UTP (Roche Diagnostics). The mfbCc was cloned into the polycloning site of pSPT18 vector (Roche Diagnostics), and sense and antisense RNA probes were prepared as described previously. 24) Hybridization work and immunological detection of the hybridized probe were done as described previously.
24)
Results
Isolation of the L. edodes genomic HindIII fragments containing the sequences that bind to PRIB protein
The GBS cloning experiment was carried out to isolate the L. edodes genomic DNA fragments that bind to GST-PRIB(1-184) protein containing the Zn(II)2-Cys6 zinc-cluster DNA-binding and bZIP motifs (see Figs. 1 and 2) . From the mixture of the genomic HindIII-digests, we isolated three fragments of different sizes: 3.1 kb, 6.5 kb, and 5.0 kb. Sequence analysis indicated that the 3.1 kb HindIII fragment is the previously analyzed fragment containing the 5 0 -upstream region and 5 0 -terminal coding sequence of the priB gene. 12, 15) The 5 0 -upstream region contained four 16 bp sequences similar to the consensus sequence for PRIB binding, and PRIB bound to these four sequences.
12) The 6.5 kb HindIII fragment was also the previously analyzed fragment containing the uck1 gene and its flanking regions.
15) The 5 0 -upstream region of uck1 contained two 16 bp consensus-like sequences of PRIB binding, and PRIB bound to these two sequences. 25) This indicates that the GBS cloning was done successfully and confirms that priB and uck1 are the targets of PRIB protein. On the other hand, it was considered that the 5.0 kb HindIII fragment contains a new gene. Northern blotting of the total cellular RNA from mature fruiting bodies of L. edodes using the probe of the 5.0 kb HindIII fragment gave a single band at the position corresponding to 1.2 kb (see Fig. 7A ).
To locate the position of the PRIB-binding site(s) on the 5.0 kb HindIII-HindIII fragment, southwestern blotting 26) of the GST-PRIB(1-184) fusion protein was carried out using each the subfragments of the 5.0 kb HindIII-HindIII fragment as a probe (see Fig. 3 ). The most upstream 0.4 kb HindIII-AccIII fragment was suggested to contain the sequences to which GST-PRIB(1-184) protein binds (data not shown). Since preliminary Northern blotting indicated that mature fruiting bodies of L. edodes contain large amounts of transcript of the new gene, designated mfbC (the third gene actively expressed in mature fruiting bodies) (see Fig. 7A ), a mature fruiting-body cDNA library was constructed and screened using the 5.0 kb genomic HindIII fragment, resulting in the isolation of one positive clone containing a DNA insert of 1.1 kb. The cloned mfbC cDNA (named mfbCc) consisted of 1,111 bp encoding 330 amino acids (Fig. 5) . The approximately 3 kb genomic sequence of the 5.0 kb HindIII fragment was determined and compared with the mfbCc sequence. The cloned mfbCc is considered to contain a full-length cDNA. The 5 0 end of mfbCc was at the nucleotide (À)40 position (40 nucleotides upstream from the putative start ATG codon). This 40 nucleotide sequence contained no ATG. Another ATG codon was found at the nucleotide (À)61 position, but its reading frame was different from that of the putative start ATG codon, and a stop codon was found at just 15 codons beyond it. The coding sequence of the mfbC gene was found to be interrupted by five small introns (Fig. 5) . The sequence (nucleotides (À)40-(À)360) preceding the translation start codon contained the two aforementioned 16 bp sequences of PRIB binding, one CAAT box, and two TATA boxes. A putative poly(A)-addition signal (AATAAT) was found just after the translation stop codon.
Homology of the amino acid sequences of L. edodes mfbC and S. cerevisiae YJR070C gene products
The deduced 330 amino acid sequence of the mfbC gene product, MFBC, was found to be highly homologous to the 325 amino acid sequence of the S. cerevisiae YJR070C gene product,YJR070C (V. Manus, M. E. Huang, and F. Galibert, unpublished) as shown in Fig. 6 . Both MFBC and Sc.YJR070C contained repeat sequences. The amino acids 73-129 were similar to 246-304 in the former and the amino acids 93-150 were similar to 251-307 in the latter (Fig. 6) .
To estimate the physiological function of the mfbC gene, we carried out gene disruption analysis of S. cerevisiae YJR070C, because the system of gene disruption is already established and easy to perform in the yeast.
27) The YJR070C-disruptants of the S. cerevisiae mating type a and strains were constructed and crossed to give diploid cells. No mutant phenotype was observed, however, in either haploid or diploid disruptant. The diploid disruptant sporulated normally and showed the same budding pattern (data not shown). Recently, yeast two-hybrid analysis indicated that Sc.YJR070C interacts with the putative translation initiation factor 5A (eIF5A), which is essential for cell viability and evolutionarily conserved (hence Sc.YJR070C was designated Lia1, the ligand of eIF5A). 17) Although the function of eIF5A is still obscure, there is the possibility that this factor might have a role in the translation of a specific subset of mRNAs. 17) Expression in L. edodes of the L. edodes mfbC gene Northern blotting was carried out to investigate the expression of the mfbC gene in the course of fruitingbody formation in L. edodes. Total cellular RNA was isolated from preprimordial aggregated mycelia, primordia, immature fruiting bodies, and mature fruiting bodies. The stages of immature fruiting bodies were divided into fruiting-body developmental stages I, II, and III, as before.
24) The RNA samples were subjected to Northern blotting using the 32 P-labeled mfbCc as a probe (Fig. 7A) . A strong signal of 1.2 kb (mfbC band) was observed in the RNA blot of the mature fruiting bodies (lane 6) and a very weak signal in the RNA blot of the fruiting-body developmental stage III (lane 5). No signal was obtained in the blots of the preprimordial aggregated mycelia (lane 1), primordia (lane 2), or fruiting-body developmental stages I and II (lanes 3 and 4). To ensure equal loading and transfer of RNA preparations, the Northern blots hybridized with the mfbCc probe were washed to remove the probe and The sequence coordinates are presented on the right-hand side. The start codon is assigned the þ1 coordinate. The amino acid sequences were aligned to optimize matches. The amino acid residues identical to the MFBC are dark-shaded and marked by asterisks, and those similar to it are light-shaded. Gaps of amino acid residues are shown by a dash. The identified repeat sequences in MFBC and Sc.YJR070C are denoted by horizontal over-or underarrows, respectively. rehybridized with the cDNA clone (1.2 kb) of Le.ras, which was shown to be transcribed at similar levels during mycelial development in fruiting-body formation in our previous paper.
23) The 1.2 kb ras signals were detected in all RNA blots and their intensities were similar. The results showed that the mfbC gene is specifically transcribed in mature fruiting bodies. The levels of the transcript of the mfbC gene were analyzed in hymenophores (lane 2), hymenophore-depleted pileus (lane 1), and stipe (lane 3) of mature fruiting bodies using the probe mfbCc (Fig. 7B) . In this experiment the probe Le.ras cDNA was not used, because the transcription level in parts of the fruiting body of Le.ras gene is clearly different. The ethidium bromide-stained ribosomal RNA (rRNA) bands are shown as an internal control in the figure. All parts of the fruiting body were found to contain mfbC transcript. But hymenophores and stipe contained higher levels of the transcript than the hymenophore-depleted pileus.
In situ RNA-RNA hybridization was carried out to investigate the expression of the mfbC gene in the parts of hymenophore, stipe, and hymenophore-depleted pileus. The hymenophore is a complicated gill tissue consisting of trama, subhymenium, and hymeniun on which a large number of basidia and basidiospores are formed. The trama cells diverge to form subhymenium, on the top of which hymenium is formed. Fixed longitudinal ultrathin sections of the hymenophores were hybridized with a digoxigenin-labeled mfbCc antisense or sense strand probe (Fig. 8) . The mfbCc antisense strand probe showed a specific distribution of the transcript of the mfbC gene (panel A), whereas the mfbCc sense strand probe gave no signal (panel B). An intense signal was detected in the outer region of the trama (the region branching out into the subhymenium). The same experiment was done also for the fixed longitudinal ultrathin sections of the stipe and hymenophore-depleted pileus. The antisense strand probe, however, showed a diffusible distribution of the mfbC transcript in them (data not shown).
Discussion
We determined the three target genes for L. edodes developmental regulator PRIB containing a Zn(II)2Cys6 zinc-cluster DNA-binding motif (and a bZIP motif): the previously cloned priB and uck1 (UMP-CMP kinase gene) and the newly identified mfbC. The evidence that the priB gene is the target of PRIB protein suggests autoregulation of transcription of the priB gene. Just downstream of the priB gene there exists the uck1 gene. 15) It is interesting to note that the gene of the Neurospora crassa QA1F protein with a Zn(II)2Cys6 zinc-cluster DNA-binding motif and the target genes of QA1F are also clustered on the chromosome, 5) even though the location of mfbC on the L. edodes chromosome remains to be determined.
As mentioned in the introduction, although the mature fruiting bodies also contain priB transcript, the primordia and mycelial cells of the early stage of fruiting-body formation contain the largest amounts of this tran- Fixed longitudinal ultrathin sections of the hymenophores of mature fruiting bodies were hybridized with a digoxigenin-labeled mfbC antisense (A) or sense (B) strand probe. script. 1, 12) The mfbC transcript, on the other hand, was found to be contained almost exclusively in mature fruiting bodies. Our previous study 15, 24) indicated that a markedly large amount of the uck1 transcript is contained in mycelial cells of the late stage of fruitingbody formation and mature fruiting bodies. Concerning the difference in transcriptional expression patterns between priB and mfbC (and uck1), the following interpretation is possible: The translated product of priB mRNA (PRIB protein) accumulates in mycelial cells and so mature fruiting bodies also contain sufficient amounts of PRIB. During the course of fruiting-body formation, stage-specific gene expression occurs through a chromatin-remodeling mechanism.
The mfbC gene was found to be a homolog of S. cerevisiae YJR070C and to play a role at the final stage of fruiting-body formation in L. edodes. Gene disruption analysis of Sc.YJR070C was done to estimate the physiological function of the mfbC gene, but we could not obtain any information about the function of the Sc.YJR070C gene. Recently Thompson et al. reported the interesting result that Sc.YJR070C (they named this Lia1) interacts in vivo with the putative translation initiation factor 5A (eIF5A), which is a small abundant protein that localizes mainly in cytoplasm. 17) Further eIF5A was shown to be essential for cell viability and evolutionarily conserved. So it is possible to consider that basidiomycete L. edodes mycelial cells also contain an eIF5A-like protein and that the mfbC gene product, MFBC, interacts with it, possibly regulating the translation of mRNAs produced in mature fruiting bodies.
Although the mfbC transcript appeared to distribute diffusively in the stipe and hymenophore-depleted pileus, this transcript showed a region-specific distribution in hymenophores (gill tissue). High levels of the mfbC transcript were detected in the outer region of the trama, the region branching out into the subhymenium. The hymenium formed on the top of the subhymenium produces a large number of basidia and basidiospores. Our previous study of the uck1 gene 15, 24) indicated that a large amount of the uck1 transcript is present in both hymenium and the outer region of the trama in the hymenophore. These results suggest that the mfbC gene is involved in the divergence of trama cells into subhymenium cells, but not in the production of basidiospores. On the other hand, the uck1 gene may play a role in the nucleotide biosynthesis essential both for production of basidiospores and for divergence of trama cells. To clarify the physiological function of the mfbC gene, however, more detailed genetical and biochemical approaches are necessary.
